In this paper, we propose a new configuration for improving the isolation bandwidth of MMIC single-pole-double-throw (SPDT) passive high-electron-mobility transistor (HEMT) switches operating at millimeter frequency range. While the conventional configuration adopted open-stub loading for compensation of the off-state capacitance, radial stubs were introduced in our approach to improve the operational bandwidth of the SPDT switch. Implemented in 0.15 m GaAs pHEMT technology, the proposed configuration exhibited a measured insertion loss of less than 2.5 dB with better than 30 dB isolation level over the frequency range from 33 GHz to 44 GHz. In terms of the bandwidth of operation, the proposed configuration achieved a fractional bandwidth of 28.5% compared to that of 12.3% for the conventional approach. Such superior bandwidth performance is mainly attributed to the less frequency dependent nature of the radial stubs.
Introduction
Playing a significant role in controlling the transmitted power of either transceivers or receivers, Radio-Frequency (RF) switches are considered as one of the most important components for RF front-ends in communication systems. For practical considerations of system operation, a switch shall have the characteristics of low insertion loss, high isolation and high power handling capability across the operating frequencies of the system. With such characteristics, we can prevent unexpected distortion while transmitting power to other parts of the system.
Over the years, various design and implementation approaches had been adopted for switches depending on the application scenarios. For example, power handling capability could be the primary concern in a transmitter chain if the switch is connected at the output of the power amplifier. For such purposes, p-i-n diode switches would be the popular candidates. Traditionally, p-i-n diode devices with discrete packaging were often integrated for microwave frequency operations. Due to the limitations of wire bonding connections between the components, only shunt topology could be implemented [1] . Although such approaches successfully achieved high power capability, the unavoidable parasitic effects associated with wire bonding technology limited both, frequency of operation as well as operation bandwidth. than 24 dBm across the operating frequencies from 33 to 44 GHz, showing a substantial improvement in the fractional bandwidth compared to that reported in [9] . The overall chip size of the MMIC SPDT switch is 2 mm by 1 mm including the dicing street and G-S-G probing pads for on-wafer measurement. Figure 1 shows the generic schematic of a shunt-type SPDT switch in which the devices are connected in the shunt topology. The signal path is controlled through proper gate bias of the devices connected in the shunt arms to modulate the drain-to-source impedance levels. The impedance and electric length of the transmission lines in the main arm could be optimized for the impedance match at the common port (Input, Port 1).
Circuit Design and Implementation

Analysis
Electronics 2020, 9, 270 3 of 13 2. Circuit Design and Implementation 2.1. Analysis Figure 1 shows the generic schematic of a shunt-type SPDT switch in which the devices are connected in the shunt topology. The signal path is controlled through proper gate bias of the devices connected in the shunt arms to modulate the drain-to-source impedance levels. The impedance and electric length of the transmission lines in the main arm could be optimized for the impedance match at the common port (Input, Port 1). The basic operation mechanism of an SPDT switch relies on the different impedance between the ON and OFF states of the device so that the signal can be directed to the proper port of selection. Referring to Figure 1 , in general, quarter wave-length transmission lines are inserted between the devices and the common input port. In such configurations, when the ON-state device (FET1) exhibits a short-circuited drain-to-source impedance and the OFF-state device (FET2) exhibits an opencircuited one, the signal is directed to the output port on the right (port 3). Ideally, zero insertion loss (S31) and perfect isolation (S32) could be achieved. However, such condition is never possible for practical realization using HEMT devices. Moreover, as the device peripheries becomes smaller in order to boost for operation frequencies, device parasitic effects coming from the pads and from other layout features start to have non-negligible effect on the overall performance, leading to deviations of the impedance from the ideal open-and short-circuited conditions. To understand the impact of impedance variations on the insertion loss and isolation performance, we performed simulation based on the topology shown in Figure 1 in which the impedance variations (in both magnitude and phase) were pre-defined within a certain range relative to the perfect open-and short-circuited position on the Smith Chart. The pre-defined areas on the Smith Chart for both the insertion loss and isolation were set based on possible impedance transformation, which can be found as following: for short-circuit performance the range of [0.667, 0.966] for the magnitude and [−180°, −135°], [135°, 180°] for the phase were defined; as for open-circuit performance, the impedance variations were set for the magnitude as [0.818, 0.915] and [−6°, 6°] for the phase. Note that the impedance locations on the Smith Chart for the ON-and OFF-state cases were simultaneously varied during simulation. Figure  2 shows the simulated contour for the cases of insertion loss and isolation with the device set to have a gate periphery of 200 µm, each of them is biased with an on-state gate voltage (Vg1) of 0 V and an off-state gate voltage (Vg2) of −2 V. It is clearly observed that both the insertion loss and isolation levels started to degrade as the locations of the impedance moved away from the ideal case. The ideal case was defined for the combination of sweet spots showing highest magnitude of isolation and lowest magnitude of insertion loss for the two parameters. For instance, we can observe that the ideal case for the lowest insertion loss will be around 1 ohm for open-circuit and around 75 ohm, but with such combination we can only achieve a relatively poor isolation of 24 dB comparing to the optimum isolation of roughly 35 dB, which shows an obvious difference between the sweet spots combination The basic operation mechanism of an SPDT switch relies on the different impedance between the ON and OFF states of the device so that the signal can be directed to the proper port of selection. Referring to Figure 1 , in general, quarter wave-length transmission lines are inserted between the devices and the common input port. In such configurations, when the ON-state device (FET1) exhibits a short-circuited drain-to-source impedance and the OFF-state device (FET2) exhibits an open-circuited one, the signal is directed to the output port on the right (port 3). Ideally, zero insertion loss (S 31 ) and perfect isolation (S 32 ) could be achieved. However, such condition is never possible for practical realization using HEMT devices. Moreover, as the device peripheries becomes smaller in order to boost for operation frequencies, device parasitic effects coming from the pads and from other layout features start to have non-negligible effect on the overall performance, leading to deviations of the impedance from the ideal open-and short-circuited conditions. To understand the impact of impedance variations on the insertion loss and isolation performance, we performed simulation based on the topology shown in Figure 1 in which the impedance variations (in both magnitude and phase) were pre-defined within a certain range relative to the perfect open-and short-circuited position on the Smith Chart. The pre-defined areas on the Smith Chart for both the insertion loss and isolation were set based on possible impedance transformation, which can be found as following: for short-circuit performance the range of Figure 2 shows the simulated contour for the cases of insertion loss and isolation with the device set to have a gate periphery of 200 µm, each of them is biased with an on-state gate voltage (V g1 ) of 0 V and an off-state gate voltage (V g2 ) of −2 V. It is clearly observed that both the insertion loss and isolation levels started to degrade as the locations of the impedance moved away from the ideal case. The ideal case was defined for the combination of sweet spots showing highest magnitude of isolation and lowest magnitude of insertion loss for the two Electronics 2020, 9, 270 4 of 12 parameters. For instance, we can observe that the ideal case for the lowest insertion loss will be around 1 ohm for open-circuit and around 75 ohm, but with such combination we can only achieve a relatively poor isolation of 24 dB comparing to the optimum isolation of roughly 35 dB, which shows an obvious difference between the sweet spots combination for isolation and insertion loss. A trade-off between the two key parameters for an SPDT switch can be expected for further design progress, as shown in Section 2.3. Meanwhile, it is also clear that the ratio between the real parts of the OFF-state to ON-state impedance determines the level of isolation. Generally, the higher the ratio is, the higher isolation level could be achieved.
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SPDT Switch With Impedance Transformation Network
The concept of incorporating the impedance transformation network in the design of shunt-type passive HEMT SPDT switch was firstly proposed in [9] for operation frequencies above Ka-band. In Figure 3 , the simplified model of FET switches operating at ON-and OFF-state reported in [9] are shown. The main idea was to compensate for the highly capacitive device impedance at the OFF-state using the open-stub component such that the impedance became purely real at the desired frequency. In the meantime, the inductive nature of the device impedance at the ON-state was also compensated. While such approach solved the issue on the poor isolation of the conventional resonated HEMT configurations [11] [12] [13] , the operation bandwidth could be limited. This is mainly due to the compensation of the imaginary parts of the impedance at ON-and OFF-states is achieved through frequency-dependent element in the impedance transformation network, namely, the open stub shown in Figure 4a . Additionally, due to the highly frequency-dependent nature of such component (since the geometry is directly related to the operating wavelength), compensation of the imaginary part of the impedance could only be effective at single frequency. To overcome such issue, we propose a new impedance-transform network as shown in Figure  4b . In this new configuration, radial-stub element is included to replace the original open-stub one since the variation of the impedance is less frequency-dependent, which is considered as the advantage of radial-stub over the original open-stub. Figure 5 shows the comparison of the impedance for the two elements. With the impedance (both magnitude and phase) at 38 GHz set to 
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Parametric Study on the Geometry of the Radial-stub
In this section, the effect of the geometry, namely, the radius (R) and the angle of span (θ) of the radial-stub will be investigated. From the analysis results shown in Figure 2 , we can conclude that the ratio of the real part of the impedance (or resistance) between the ON-and OFF-state plays a critical role in the determination of the overall switch performance. Additionally, based on the same analysis, the direct relationship between the resistance ratio and the isolation level can be obtained. Figure 7a plots the resistance ratio as a function of frequency with fixed and varying R. A similar plot for the case of fixed R and varying is shown in Figure 7b . In both plots, the peak resistance ratio corresponding to the best isolation level shifts towards low frequency as the total area of the radial stub increases, which is mainly due to the increase in the level of the capacitive loading to the impedance transformation network. The corresponding ratio for the case of conventional open stub is also included in the plots as the reference. The effect of the radial-stub geometry on the overall bandwidth performance is presented in Figure 8 with the resistance ratio plotted as a function of the normalized frequency. As observed, 
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For comparison purpose, the SPDT switch was designed based on the same frequency band specified in [9] , namely, at Ka-band with center frequency 38 GHz. To show the effect of the radial stub in the extension of the operation bandwidth, the same number of shunt segments (which is two) as in [9] was adopted for the purpose of fairness. Figure 10 shows the complete schematic of the SPDT switch with radial stubs in the impedance transformation network. The total gate width of the device adopted was 200 µm. The chip was implemented using standard 0.15-µm pHEMT MMIC process from WIN Semiconductor, exhibiting a cutoff frequency (f T ) of 70 GHz and a peak DC transconductance (G m ) of 570 mS/mm; whereas the technology used in [9] was the TRW standard 0.15-µm InGaAs/AlGaAs/GaAs pHEMT process with an f T of 70 GHz and a G m of 580 mS/mm. Figure 11 shows the photograph of the chip. The overall dimension of the chip is 2 mm by 1 mm including the on-wafer G-S-G probing pads at all the ports and dicing street.
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To examine the temperature stability of the fabricated chip, we have also measured the corresponding performance with temperature varying from −25°C to 85°C and the results were presented in Figure 15 . Clearly, very good performance stability with temperature was observed. Table 1 summarizes the performance of passive HEMT (or FET) switches at millimeter-wave frequencies from previously published works. Compared to previous publications, the proposed topology exhibited a substantial improvement in terms of the operation bandwidth. 
Conclusions
In this paper, a new configuration of MMIC SPDT passive HEMT switches targeted for operation at millimeter frequencies was proposed. With the radial-stub component included in the impedance transformation network, substantial improvement in the operation bandwidth has been achieved. The measurement results of the MMIC chip implemented in the standard 0.15-µm GaAs pHEMT technology demonstrated a very wide operation bandwidth from 33 GHz to 44 GHz with better than 30 dB isolation and good insertion loss. Extension of such design concept and methodology is possible to cover the complete operation bandwidth for fifth-generation (5G) communication system at millimeter-wave frequencies. 
